Nervous system function relies on complex assemblies of distinct neuronal cell types with unique anatomical and functional properties instructed by molecular programs. Alternative splicing is a key mechanism for the expansion of molecular repertoires and protein splice isoforms shape neuronal cell surface recognition and function. However, the logic of how alternative splicing programs are arrayed across neuronal cells types is poorly understood. We systematically mapped ribosome-associated transcript isoforms in genetically-defined neuron types of the mouse forebrain. Our dataset provides an extensive resource of transcript diversity across major neuron classes. We find that neuronal transcript isoform profiles reliably distinguish even closely-related classes of pyramidal cells and inhibitory interneurons in the mouse hippocampus and neocortex. These highly specific alternative splicing programs selectively control synaptic proteins and intrinsic neuronal properties. Thus, transcript diversification by alternative splicing is a central mechanism for the functional specification of neuronal cell types and circuits.
Introduction
The mammalian brain contains hundreds of cell types with unique anatomical and functional properties. Cell type characteristics are fundamental underpinnings of neuronal circuit function and -ultimately -the control of behaviors. Many of the distinctive neuronal morphologies were recognized one hundred years ago 1 . More recent studies uncovered electrophysiological properties and characteristic gene expression profiles that are associated with specific neuron types 2, 3 . Yet, we still lack comprehensive knowledge of how the multitude of neuronal properties is encoded by a limited number of genes. Evolutionary comparisons revealed a significant increase in alternative splicing heterogeneity in more complex organisms. Within those, the nervous system exhibits the most extensive usage of alternative transcript isoforms 4, 5 . Single gene studies provided evidence that individual protein variants generated through alternative splicing can exhibit unique isoform-specific functions [6] [7] [8] [9] [10] . However, in many molecular studies on neuronal connectivity and function the identity of splice isoforms endogenous to the cell type of interest are unknown. This is a significant bottleneck for interpretation of gain and loss-of-function studies. While loss of RNA binding proteins that regulate alternative splicing and cell type-specific knock-outs exhibit severe impacts on neuronal function and synaptic transmission [11] [12] [13] [14] [15] [16] , most of these proteins are commonly expressed in all neuronal cell types [17] [18] [19] [20] . Thus, the general logic of how alternative splicing programs relate to brain complexity is poorly understood.
Previous bulk-sequencing analyses contrasted neuronal and non-neuronal splicing regulation 21 . Developmental analysis of mouse neocortex uncovered a series of temporally controlled coordinated splicing switches in brain tissues. These developmental switches were panneuronal and occurred across all neuronal populations [21] [22] [23] [24] . Only very recent studies are beginning to probe whether well-defined neuronal cell types rely on alternative splicing for the regulation of specific biological functions 16, 20 . However, it remains debated to what extent transcript isoforms detected by RNA-sequencing are indeed recruited for translation to produce protein isoforms 25, 26 . To address these questions, we generated genome-wide maps of transcript isoforms that are recruited for translation in genetically-defined neuronal cell populations. Our analysis identified hundreds of differentially regulated splicing events across distinct neuron types. Moreover, we demonstrate that cell type-specific splice isoforms define neuronal cell populations and shape intrinsic properties and synaptic protein complexes. The dataset provides a rich resource for selecting endogenously expressed splice isoforms to be used in functional studies, for interpreting impact of gene mutations in disease states, and for the dissection of enhancers and promoters that drive cell type-specific transcripts from alternative transcription start sites. most neocortical pyramidal cells and Scnn1a-cre for spiny stellate and star pyramid layer 4 cells), and GABAergic interneurons [with somatostatin-cre (SST), parvalbumin-cre (PV) and vasointestinal peptide-cre (VIP)]. Within the hippocampus, we further targeted Cornu ammonis 1 (CA1) neurons (CamK2-cre), CA3 neurons (Grik4-cre), and SST-positive interneurons (SST-cre) ( Fig. 1b, Supplementary Fig. 1 ). Using an optimized affinityisolation protocol and strict quality control measures followed by deep RNA-sequencing (paired-end, read length 100bp, >100 Million reads per biological replicate) we detected > 12'000 genes per sample with full-length coverage across transcripts ( Supplementary Fig. 2 , 3a) and low variance between biological replicates (Fig. 1c ). Transcriptome analysis confirmed appropriate enrichment and de-enrichment of known and newly discovered markers. Widely expressed non-neuronal genes such as astrocyte markers were either not detected or showed low level background in some of these isolates ( Supplementary Fig. 1b , 3b-d, 4 , Supplementary Table 1 ). Thus, this deep dataset enables reliable dissection of transcript isoforms translated in specific cell types.
Alternative transcript repertoires define neuronal populations
To map transcript repertoires across neuronal cell types we quantified alternative isoforms using two complementary computational methods. First, we analyzed differential exon usage by quantifying reads mapping onto individual exons relative to the number of reads on constitutive exons derived from the same gene (constitutive exons are defined in the annotated transcript database FAST DB 27 , EXON analysis, Supplementary Fig.5 , see methods for details). Second, the differential usage of splicing patterns was assessed using exonic and junctional reads mapping to transcript isoforms annotated in FAST DB (PATTERN analysis, Supplementary Fig. 5 , see methods for details). This quantitative mapping of alternative transcript isoforms uncovered hundreds of highly differentially regulated transcript isoforms in neocortical and hippocampal cell populations [log2 foldchange (log2FC) in splicing index (SI) ≥ 1 or ≤ -1, p-value ≤ 0.01]. Independent experimental validations with semi-quantitative RT-PCR confirmed the accuracy of the computational pipeline (validation rate > 90%, Supplementary Fig. 6 ). Therefore, this validated dataset represents a comprehensive resource for alternative transcripts in the major forebrain neuron populations (Supplementary Table 2 , 3 and https://scheiffelesplice.scicore.unibas.ch for a web-based look-up tool to query isoforms for individual genes). Divergent transcript isoforms may arise from alternative splicing but also alternative transcription start sites (TSS) 28, 29 . The PATTERN analysis enabled us to separate transcript isoforms arising from these mechanistically different forms of transcript diversification. Remarkably, the exons differentially regulated by alternative splicing reliably segregated neuronal cell classes ( Fig. 1d ). Thus, Scnn1a-defined layer 4 cells are characterized by 310 exons included in 214 different genes. Similarly, the two medial ganglionic eminence (MGE)-derived interneuron classes (PV and SST populations) are distinguished by 628 and 719 exons from 407 and 486 genes, respectively. Moreover, alternative transcript isoforms in the CGE (Caudal Ganglionic Eminence)-derived VIP interneurons were distinct from PV and SST-populations, with 609 exons differentially included in 407 genes. Overall, we did not observe a correlation of changes in splicing indices and gene expression level, indicating that our analysis captures differentially regulated exons across a broad spectrum of transcript expression levels ( Supplementary Fig. 7 ). In previous studies, microexons (defined as exons 3-27 nucleotides long) were shown to preferentially contribute to transcript diversification in the nervous system 30 . Amongst all exons differentially regulated (DR) across neuronal cell classes, we find 3.8-5.3% to be microexons. These percentages are slightly higher compared to the percentage of total microexons detected in the neocortex (2.8%, see methods for details). Thus, differential alternative splicing across cell types is substantial for microexons but also other types of splicing events. In summary, this analysis demonstrates that extensive alternative splicing regulation distinguishes major neuronal cell classes in the mouse neocortex.
Wide use of alternative transcription start sites across cortical neuron sub-classes
We quantified the frequency of distinct patterns underlying the differentially regulated splicing events in neocortical cell populations and found that they distributed over multiple categories (Figure 2a , Supplementary Table 2 ). Usage of cassette exons was the most frequent differentially regulated alternative splicing event across cell populations ( Fig. 2a , 2b for Dlgap2 as example). Interestingly, alternative last exons (ALE), which result in a modification of the 3'UTR of transcripts, represented about 20% of events (Fig 2a, 2b Ncam1 as example). This is notable considering that alternative last exons can impose cell type-specific protein expression as well as subcellular localization of mRNAs 10, 31 . In addition to transcript diversification by alternative splicing we found that across all neocortical cell classes, ~30-60% of differentially regulated transcript isoforms arose from alternative TSS ( Fig. 2c , Supplementary Table 2 ). This implies a frequent action of cell typespecific enhancers and promoters. An example for alternative TSS regulation is Dlgap1, which encodes a major glutamatergic scaffolding protein. In neocortical PV-positive cells, we identified an alternative TSS in exon3 of Dlgap1 which switches to exon 5 in the Scnn1apositive layer 4 cells ( Fig. 2d ). This differential regulation results in transcripts that differ in the 5'UTR and the N-terminal amino acids (see Fig. 2d Rapgef5 for an additional example).
When comparing the segregation of differential TSSs and ALEs we find that either of these types of events efficiently segregated neocortical excitatory and inhibitory cell classes, including MGE-and CGE-derived interneurons ( Supplementary Fig. S8 a and b, respectively. Exon numbers involved are indicated in the figure legend). Thus, our analysis demonstrates that not only alternative splicing but also alternative TSS are major drivers of neuronal cell type-specific transcript isoform expression in the mouse forebrain.
Divergent alternative splicing programs across closely related cells in different anatomical positions
Hippocampal CA1 and CA3 pyramidal neurons exhibit certain unique functional properties and overall similar transcriptomes 32 . Thus, we explored whether there are differential splicing programs specific for these closely-related glutamatergic cell classes. We identified hundreds of differentially expressed transcript isoforms arising from different patterns of alternative splicing, as well as alternative TSS between CA1 and CA3 cell preparations (253 DR exons, log2FC ≥ 1 or ≤ -1, p-value ≤ 0.01, Fig. 3a , Supplementary Fig. 9 , Supplementary Table 3 ). These include key isoforms with well-characterized functional properties such as the mutually exclusive exons which regulate flip/flop variants of the Gria1 AMPAR subunit 33 , or alternative last exons in Brevican, which control expression of a secreted Brevican isoform implicated in neuronal adhesion 34 (Fig. 3b ). Similarly, cortical 
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Europe PMC Funders Author Manuscripts L4 excitatory neurons and hippocampal CA1 pyramidal neurons exhibited 276 differentially regulated exons ( Figure 3a ) and transcript isoforms derived from multiple patterns of alternative splicing ( Figure 3c Nrxn3 as example, Supplementary Fig. 9 , Supplementary   Table 4 ). These comparisons highlight vastly divergent transcript isoform content between different classes of glutamatergic neurons, including closely related pyramidal cells from hippocampal sub-fields. By comparison, splicing programs were much more similar between hippocampal versus neocortical SST-positive interneurons (only 151 highly differentially regulated exons Fig. 3a , 3c cassette exon regulation in Fat1 as example, Supplementary Fig.   9 , Supplementary Table 4 , Supplementary Table 5 for an overview of differentially expressed genes and alternatively regulated splicing events). In sum, we conclude that alternative splicing plays a major role in diversifying molecular repertoires at the level of neuronal sub-classes and cell types within and across anatomical positions.
Identification of neuronal subclass-specific splicing factors in neocortical and hippocampal cells
Most neuronal RNA binding proteins (RBPs) studied thus far are pan-neuronally expressed. Given the extensive differential alternative transcript regulation in neuronal sub-classes, we sought to identify RBPs that might regulate alternative splicing in a cell type-specific manner. We generated a hand-curated list of 57 bona fide splicing regulators based on databases and previous publications and evaluated their expression across neuronal populations (Supplementary Table 6 ). As expected, several splicing factor transcripts exhibited broad expression with little difference across neocortical and hippocampal cell classes (e.g., Hnrnpa2b1, Hnrnpl, Srrm1, Fig. 4a , Supplementary Table 6 ). By contrast, other splicing factors showed highly selective expression with some segregating between glutamatergic and GABAergic neuron groups and others highly enriched in certain neuron classes ( Fig. 4a ). For example, the Rbm20 transcript is preferentially expressed in PVinterneurons, Ptbp1 in VIP-interneurons, and Rbfox3 -also called NeuN -is preferentially expressed in glutamatergic cells ( Fig. 4a , Supplementary Table 6 ). Fluorescent in situ hybridizations for select RBPs confirmed the differential expression patterns extracted from RiboTRAP sequencing data ( Supplementary Fig. S10 , Supplementary Table 6 for statistical analysis). To investigate whether some of the differentially expressed splicing factors represent candidates that drive cell type-specific alternative splicing choices, we employed splice reporter assays in Neuroblastoma 2A (N2A) cells (see Methods for details). We generated reporter constructs for exons that we found to be differentially regulated across neocortical neurons (alternative cassette exons in neurotransmitter receptors Gabrg2 and Grin1, and the voltage-gated potassium channel Kcnq2, Fig. 4b ). Co-expression in N2A cells of several RBPs (e.g., hnRNP A1, hnRNP H1, Ptbp3) did not shift splicing patterns in vitro. On the other hand, co-expression of Ptbp1 (which is preferentially expressed in VIPinterneurons Fig. 4a ,d) shifted splicing of Gabrg2 and Kcnq2 reporters to the pattern observed for endogenous mRNAs in VIP-interneurons (Fig 4c) . Similarly, Rbfox3 shifted the Grin1 reporter splicing to the pattern enriched in Scnn1a cells (which express high levels of Rbfox3) ( Fig. 4c,d ). Thus, these differentially expressed splicing regulators represent possible candidates for the regulation of the respective splicing events in vivo. In summary, this analysis identifies candidate neuronal cell class-specific splicing regulators for the differential regulation of transcripts.
Alternative splicing programs are highly dedicated to controlling synaptic interactions and neuronal architecture
To probe which cellular properties are regulated by alternative splicing, we assessed the enrichment of Gene Ontology (GO) terms for transcripts regulated across all neocortical cell classes, hippocampal comparisons, and across brain regions. Given that alternative first exons result from transcriptional regulation, we excluded them from this analysis. Remarkably, the differential alternative splicing regulation almost exclusively targets transcripts encoding for synaptic proteins and intrinsic neuronal properties. Enrichment of the top GO terms significant for genes differentially regulated by splicing was 2 -4 fold higher as compared to genes differentially expressed ( Fig. 5a , Supplementary Fig. 11a ,b for enriched categories of differentially expressed genes, Supplementary Table 7 for all GO terms). Note that the enrichment of genes encoding synaptic proteins was not simply a consequence of such genes containing larger numbers of exons ( Supplementary Figure 11c) . Specifically, the enriched GO terms map onto five key categories, which fundamentally shape synapse function and intrinsic neuronal properties: Adhesion complexes (e.g. Cntn4, Cntnap2, Ncam1, Nlgn1, Nrxn3, Nfasc, Ptprs, Robo2) implicated in formation and specification of neuronal synapses [35] [36] [37] , voltage-gated calcium channels (e.g. Cacnb2, Cacnab4, Cacna1g, Cacna1d), presynaptic release machinery (e.g. Rims, Synj1, Stxbp1, Syt17, Unc13b), postsynaptic neurotransmitter receptor complexes (e.g. Grm1, Grm5, Gria1, Gria2, Shisa9) and associated scaffolding proteins (e.g. Camk2, Dlgap1, Rapgef4, Shank3, Tiam1) ( Fig. 5b ). All of these genes encode key regulators of synaptic function and plasticity. Three further categories highly targeted by cell type-specific alternative splicing are potassium channels, motor proteins, and regulators of cytoskeletal rearrangementselements central for the control of intrinsic neuronal properties ( Fig. 5c ). In particular, potassium channels are key determinants of neuronal excitability at the level of afterhyperpolarization upon action potential firing (Kcnn2), at the level of M-currents (Kcnq2), or through calcium-dependent regulation of A-currents (Kcnip1,4) 38 . Thus, neuronal cell type-specific alternative splicing programs specifically encode intrinsic neuronal properties and synapse specification.
Discussion
Previous studies highlighted an expansion of splicing complexity across vertebrate species with a particular increase in alternative exon usage in the brain 4 . This increase in alternative splicing may relate to neuronal cell types and functions in multiple ways. Single gene studies illustrated stochastic splice isoform choices at the single cell level 39, 40 but also reproducible splicing patterns linked to cell types 16, 20, [41] [42] [43] [44] . Here, we demonstrate that complex alternative splicing programs define sub-classes of cortical and hippocampal neuron types. Thus, the selection of cell type-specific transcript variants is not an exceptional feature for individual protein families but a fundamental program of highly differentiated cell types in a complex organism. During embryonic development, the lineage decisions for interneuron and pyramidal cell differentiation are mainly driven by transcription factor codes 45, 46 . We propose that cell type-specific expression of RNAbinding proteins imposes splicing-dependent regulation for terminal differentiation of these neuron classes. Consistent with this notion, several of the candidate splicing specificity 
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The RiboTrap approach used in our study facilitates interrogation of splice isoforms with excellent coverage across the entire transcript. Low level background contamination for some cell classes may influence detected splicing differences, particularly for widely expressed non-neuronal genes. However, the RiboTrap approach benefits from deep coverage of splice junctions and rare transcript isoforms that go undetected or cannot reliably be quantified from single cell sequencing data. Moreover, mapping ribosomeassociated mRNAs focuses the analysis on transcript isoforms that are recruited by the translational machinery.
An unexpected finding in our study was the highly divergent usage of alternative transcription start sites across neuronal populations. This suggests prominent roles for cell type-specific enhancers and promoters in generating transcript isoforms. We propose that this complex transcript regulation evolved not only to modify protein isoforms but also to afford unique spatio-temporal modulation of neuronal gene expression. Complex alternative splicing programs control diverse biological processes from chromatin and RNA regulators, to ion homeostasis and mitochondrial function. Considering this broad range of splicingregulated processes, it is remarkable that the neuronal cell type-specific splicing programs are selectively geared to the control of synaptic and intrinsic neuronal properties. Splice isoforms of neuronal receptors, ion channels, synaptic adhesion and scaffolding proteins exhibit fundamentally divergent functions 19, 48 and significant splicing disruptions have been linked to neurodevelopmental disorders 30 . In humans, more than 90% of gene products are modified by alternative splicing. A major impediment for exploring the functional relevance of transcript isoforms in neuronal wiring has been the lack of knowledge of how splice isoforms are arrayed over neuronal cell types. Our comprehensive genome-wide analysis uncovers hundreds of cell class-specific transcript isoforms encoding key regulators of synaptic function and intrinsic neuronal properties. To maximize the accessibility of this large dataset and to simplify the identification of differentially expressed transcript isoforms, we established a web-based "splicecode database" where users can retrieve differential isoform expression data for any gene of interest (https://scheiffelesplice.scicore.unibas.ch). In the future, targeted manipulation of cell type-specific splicing events may open the door for a new class of therapeutic interventions in disease states.
Methods

Mice
All procedures involving animals were approved by and performed in accordance with the guidelines of the Kantonales Veterinäramt Basel-Stadt. Male and female mice were used in this study.
Rpl22-HA (RiboTag) mice 49 , Pvalb-cre mice 50 , SST-cre mice 51 , CamK2-cre mice 52 , Grik4-cre mice 53 , VIP-cre mice 51 and Scnn1a-cre mice 54 were obtained from Jackson
Laboratories (Jax stock no: 011029, 017320, 013044, 005359, 006474, 031628, 009613, respectively). All lines were maintained on a C57Bl6/J background. The specificity of cre-lines for recombination of the Rpl22-allele was confirmed by immunohistochemistry and matched previous reports in the literature.
Immunohistochemistry and imaging
Animals (males and females) from postnatal day 25 to 42 were transcardially perfused with fixative (4% paraformaldehyde in 100mM phosphate buffer, pH 7.4). The brains were postfixed overnight in same fixative at 4°C. Coronal brain slices were cut between Bregma -1.43 and -2.15 (including somatosensory cortex and dorsal hippocampus) at 50 µm with a vibratome (Leica Microsystems VT1000). For immunohistochemistry, brain sections were kept in PBS before incubation for 1 hour with blocking solution containing 0.05% Triton X-100 and 10% normal donkey serum. Slices were incubated with primary antibodies in blocking solution at 4°C overnight and washed three times in PBS containing 0.05% Triton X-100, followed by incubation for 2 hours at room temperature with a secondary antibody. Sections were washed three times in PBS before mounting onto microscope slides with Fluoromount-G (SouthernBiotech, 0100-01). The following primary antibody was used in this study: rat anti-HA (Roche, 11867431001, 1:1000); Secondary antibody was: donkey anti-rat IgG-Cy3 (Jackson ImmunoResearch, 712-165-153, 1:1000). Hoechst dye was coapplied with primary antibody at a final concentration of 0.5 µg/ml. Images for assessing the Rpl22-HA expression were acquired at room temperature on a Slidescanner AxioScan.Z1 (Zeiss) using 10X objective. Stacks of 24 µm width (4 µm interval) were acquired and were then processed by doing maximum projection. Images were assembled using Fiji and Illustrator Software.
RNA isolation by RiboTRAP pulldowns
For Ribotag purifications, the procedure of Heiman and colleagues for affinity-purification of polysomes 55 
RNA purification, quantification, quality check and RT-qPCRs
RNA purification (for both input and immunoprecipitated RNA) was performed using RNeasy Plus Micro Kit (Qiagen), following the manufacturers' instructions. RNA was quality-checked on the Bioanalyzer instrument (Agilent Technologies) using the RNA 6000 Pico Chip (Agilent, 5067-1513). Only RNA samples with RNA integrity number (RIN) higher than 7.5 were used for the following steps. RNA concentration was quantified by Fluorometry using the QuantiFluor RNA System (Promega, E3310). 90 ng and 20 ng of RNA was reverse transcribed from neocortical and hippocampal samples, respectively, using random hexamers (Promega) and Superscript III Reverse Transcriptase (Invitrogen, 18080093).
To determine the fold-enrichment of respective marker genes in immunoprecipitated RNA compared to input purifications, DNA oligonucleotides were used with FastStart Universal SYBR Green Master (Roche, 4913914001) and comparative C T method. Samples were considered to be specific if immunoprecipitated RNA exhibited correct de-or enrichments of respective marker genes and if RNA of control samples did not show any selectivity for marker genes. For each assay, two technical replicates were performed and the mean was calculated. The mRNA levels were normalized to gapdh mRNA. RT-qPCR assays were analyzed with the StepOne software.
The assessment of fold-enrichments for RNA obtained from VIP-cre was performed using commercial Taqman probes from Applied Biosystems: Vip (Mm00660234_m1), vGat (Mm00494138_m1), vGlut1 (Mm00812886_m1), Gfap (Mm01253033_m1). 
QC and RNA-seq pre-processing
The splicing analysis of RNA-Seq data were performed by GenoSplice technology (www.genosplice.com). Data quality, reads repartition (e.g., for potential ribosomal contamination), and insert size estimation were performed using FastQC, Picard-Tools, Samtools and rseqc. Reads were mapped using STARv2.4.0 56 against the exons defined in the proprietary Mouse FAST DB v2016_1 database 27 , using a mismatch cutoff of 2 and discarding reads with 10 or more alignments. The minimum chimeric segment length was 15. Read counts were summarized using featureCounts 57 in two stages. First, unique reads per exon were counted. In the second stage, multimapping reads were fractionally allocated to exons based on the distribution of unique counts of exons within a gene. Total counts were then calculated based on three constitutivity classes defined in FAST DB: class 2 
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Europe PMC Funders Author Manuscripts includes exons present in more than 75% of annotated transcripts for a gene ("constitutive"), class 1 includes exons present in 50-75% of transcripts ("semi-constitutive"), and class 0 includes exons present in less than 50% of transcripts ("alternative"). Total counts per gene were summed from constitutivity class 2 exons if their FPKM values exceed 96% of the background FPKM based on intergenic regions. If counts from class 2 exons were insufficient to exceed the detection threshold, class 1 and eventually class 0 exon counts were included to reach the detection threshold.
Differential gene expression analysis
The analysis of differential expression was conducted using DESeq2 v1.22.2 58 . The input read count matrix was the same as used for the splicing analysis. Neocortical samples were modeled as a group with a shared base mean, and each sample set was contrasted against all neocortical samples. The hippocampal samples were contrasted in all pairwise combinations. A series of additional pairwise contrasts were conducted for comparisons across anatomical brain regions. Results for these contrasts using the Ward test and Benjamini Hochberg for p-value adjustment as implemented in DESeq2 are compiled in an Excel workbook (Supplementary Table1). For the principal component analysis, counts were normalized using the variance stabilizing transform (vst) as implemented in DESeq2. For heatmaps and the web app plots, the internal normalization factors of DESeq2 were used to normalize the counts.
Alternative splicing analysis
Analysis at the splicing level is first performed taking into account reads mapping to exonic regions and to exon-exon junctions (EXON analysis) in order to potentially detect new alternative events that could be differentially regulated (i.e., without taking into account known alternative events). When mapping to exon-exon junctions, reads were assigned to both exons, therefore counted twice (the minimum number of nucleotides for a read to be considered mapped to an exon is 7).
In order to consider an exon expressed, FPKM values for exons must be greater than 96% of the background FPKM value based on intergenic regions. Only exons expressed in at least 3 of the 4 biological replicates of each condition and in at least one of the compared experimental conditions were further analyzed.
For EXON analysis illustrative cartoon, refer to Supplementary Figure S5 . Briefly, for every expressed exon from expressed genes, a Splicing Index [SI, defined as the ratio between read density on the exon of interest (= row number of reads on the exon/exon length in nucleotides) and read density on constitutive exons of the gene; "class 2"] are generated, as well as fold-change (log2(FC), calculated by comparing the SI value in one condition to the mean SI value in all conditions considered) and p-value (unpaired Student's t-test). Results are considered statistically significant for p-values ≤ 0.01 and log2(FC) ≥ 1 or ≤ -1.
Analysis at the splicing level is also performed by taking into account known splicing patterns (PATTERN analysis) annotated in the FAST DB database 27 (i.e., for each gene, all annotated splicing patterns are defined, and a Splicing Index (SI) is generated from the comparison of normalized read density on the alternative annotated patterns. For PATTERN analysis illustrative cartoon refer to Supplementary Figure S5 ). All types of alternative events can be analyzed: Alternative transcription start site, alternative last exons, cassette exon, mutually exclusive exons, alternative 5' donor splice site, alternative 3' acceptor splice site, intron retention, internal exon deletion and complex events (corresponding to mix of several alternative event categories). In Figure 2 and S8 we have merged intron retention and internal exon deletion events to one single category ("intron retention").
Pattern analysis is performed for every condition; log2(fold-change) of SI against all conditions considered and p-value (unpaired Student's t-test) are generated. Results are considered statistically significant for p-values ≤ 0.01 and log2(FC) ≥ 1.
FAST DB database includes annotations of 4965 microexons (defined as exons 3-27 nucleotides long), out of the 268827 total exons annotated (1.8%). In the neuronal populations analyzed, we identified 4140 (in the neocortex) and 3889 (in the hippocampus) microexons reaching the cutoff for detection (2.8% and 2.7% of the total exons detected in these forebrain regions, respectively). Specifically, amongst the total DR exons within a neuronal class we find 5.1% of microexons in Camk2, 3.8% in Scnn1a, 5.3% in SST, 4.7% in both PV and VIP.
Validation of regulated alternative splicing events
We used RT-PCR for experimental validation of differentially regulated splicing events detected by RNA-Seq. The cDNA amounts and PCR cycle numbers were carefully titrated to ensure linear amplification range and avoid signal saturation that would interfere with quantification. Standard PCR reactions were performed using 5X Firepol Master mix (Solis BioDyne, 04-11-00125) and designed exon-flanking DNA oligonucleotides. PCR products were resolved by gel electrophoresis and images acquired on a Biorad analyzer and processed in Fiji. Supplementary Figure 12 shows uncropped gel images. DNA Oligonucleotides used for RT-PCR are listed below (name and sequence 5'->3' are indicated). Images were acquired at room temperature with an upright LSM700 confocal microscope (Zeiss) using 40X Apochromat objectives. Stacks of 10-13 µm width (0.6 µm interval between stacks) were acquired from layer 2-3 (L2-3) of primary somatosensory area (S1) for CamK2-, SST-, PVand VIP-positive neocortical cells and from layer4 (L4) of S1 for Rorbpositive cells. For CA1-or CA3-specific pyramidal cells, images were acquired from CamK2-positive cells in cornu ammonis 1 and 3 regions of hippocampus, while for hippocampal SST-positive interneurons images were taken from cells residing in stratum oriens. Cell types were identified based on the presence of the corresponding marker transcript. A region of interest (ROI) was drawn to define the area of the cell and dots in the 
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Heatmaps and sashimi plots
For clustering analysis of gene expression, Normalized Feature Counts values were used and data were scaled by row. For clustering analysis of Splicing Index (SI) values obtained from EXON analysis, data were scaled by row and by column. Exons with NA values (not assigned, when no reads are mapping to constitutive parts of the gene) or Inf values (infinite, when no reads are mapping to the exon) were excluded, in order to not be biased by very lowly expressed genes or exons. In all cases, distance was calculated by Pearson correlation and the resulting distance matrix was clustered using Ward.D2. Heatmaps were generated in R using the heatmap.2 function of gplots package. Sashimi plots were generated using the MISO software package 59 .
Plasmids
Splicing reporters for Gabrg2, Grin1 and Kcnq2 were assembled from synthetic DNA fragments ordered as gBlocks (Integrated DNA Technologies); for Grin1, an AT-rich intronic region that could not be synthesized was amplified from genomic mouse DNA using the following primers (name and sequence 5'->3' are indicated):
Grin1_i4_F: GTATATATGCATGGACGTGCACGC Grin1_i4_R: CTGTGGTATGAGCAGGAGCGTTAGC Reporters are composed of two flanking constitutive exons, the alternative exon (exon 9, 4 or 13 for Gabrg2, Grin1 and Kcnq2, respectively) and the first and last 500 or 300 nucleotides of intronic regions (which contains regulatory elements for splicing reaction). A translational stop codon was included at the end of the last constitutive exons of Grin1 and Kcnq2 reporters. In the case of Gabrg2, exon 10 represents the last exon.
Chromosomal coordinates of splicing reporters are: Splicing reporters were then cloned into pmRFP-c1 vector cutting with SacI and SalI. All reporter plasmids are available on request.
The plasmids encoding splicing factors used are: pCMV-Ptbp1-His, pCMV-Ptbp2-His, pCMV-Ptbp3-His, pCMV-hnRNPA1-YFP, pCMV-hnRNPH1-YFP, pCS3-myc6-Rbfox1 (A016), pCS3-myc6-Rbfox2 (F011), pCS3-myc6-Rbfox3 (S).
Cell cultures and transfection
Cortical neuron cultures were prepared from E16.5 mouse embryos. Neocortices were dissociated by addition of papain (Worthington Biochemical, LK003176) for 30 min at 37 °C. 250,000 cells/wells were plated in 12-well plates and they were maintained in Neurobasal Medium (Gibco, 21103-049) containing 2% B27 supplement (Gibco, 17504-044), 1% GlutaMAX supplement (Gibco, 35050-038), and 1% penicillin/ streptomycin (Sigma, P4333). At DIV7, cortical cultures were transfected with 400 ng/well of splicing reporters and Lipofectamine 3000 reagent (ThermoFisher Scientific, L3000008) diluted in opti-MEM medium (Gibco, 31985-062) using a 1:1.5 DNA-Lipofectamine ratio.
20,000 Neuroblastoma 2a (Neuro2a) or HEK293T cells (obtained from ATCC) were plated in 96 well plates and were kept in DMEM (Sigma, D5796) supplemented with 10% FBS (Gibco, 10270106) and 1% penicillin/streptomycin at 37°C. After 24h, cells were transfected using FuGENE HD Transfection reagent (Promega, E2691) with 50 ng of splicing reporter DNA alone or in combination with 50 ng of splicing factor DNA. Alternative first exon events were excluded to analyze the functional role of alternative splicing programs only. In order to be considered significant, GO terms must have a minimum number of 10 genes, fold-enrichment ≥ 2 and False Discovery Rate (FDR) ≤ 0.05. As background reference list, all genes expressed (see methods for details of gene expression) in the neocortex for neocortical comparisons, or in either cell class of the pairwise comparisons were used. Panther output list GO terms in a hierarchical organization, enabling identification of super-categories which were further analyzed. Moreover, only terms significant in at least one neocortical population, hippocampal comparison or across anatomical region were used for heatmap visualization. In Fig. 5a , corresponding fold changes of the gene expression analysis were incorporated. Redundant term categories were excluded.
RNA isolation, Reverse transcription and RT-PCR
General statistical methods
Sample sizes were chosen based on previous experiments and literature surveys. No statistical methods were used to pre-determine sample sizes. Exclusion criteria used throughout this manuscript were pre-defined. There are detailed descriptions in the respective sections of the methods. Group assignment was defined by genotype, thus, no randomization was necessary. Knowledge of experimental conditions was needed for proper execution of experiments. Therefore, investigators were not blinded during data collection and/or analysis. Appropriate statistical tests were chosen based on sample size. Due to "n" in the analysis normal distribution and equal variances of measures were not formally tested. Thus, individual data points or measures are presented in the manuscript and data distribution was assumed to be normal. Sequencing analysis was performed on four animals per genotype exhibiting similar variances. N-numbers for in situ hybridizations and RT-PCRs are indicated in the figures. P-value calculations have been performed using the student t-test, Ward test, or one way ANOVA with Tukey's multiple comparison test. FDR calculations were performed with the Benjamini Hochberg correction.
Supplementary Material
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